Introduction
============

The opioid epidemic represents a significant public health crisis in the United States. In 2016, it was estimated that more than 2.1 million Americans had some form of opioid use disorder.[@cit1],[@cit2] As the opioid crisis persists, there has been increasing concern regarding how injection drug use might impact transmission of viral infections among the opioid misuse population.[@cit3] Opioid abuse increases the risk of spreading and contracting HIV due to transmission through needle sharing.[@cit4] In March 2018, it was reported that approximately 9% of all new HIV diagnoses in the United States were a result of intravenous drug use.[@cit5] Aside from increasing the likelihood of viral spread from injection, drug use can also heighten the probability of high-risk sexual behaviors that could lead to transmission of the virus.[@cit4]

Besides the risk connections between opioid use and HIV transmission, it was shown that opioids have the capacity to accelerate HIV replication and progression at the protein level.[@cit6]--[@cit8] Opioid exposure was found to alter HIV replication in T cells in a time-dependent manner,[@cit6],[@cit9],[@cit10] promote the survival/viability of simian immunodeficiency-infected (SIV) T cells,[@cit11] disinhibit HIV latency in T cells,[@cit12] and increase plasma viral loads in SIV-infected macaques.[@cit13] Chronic morphine exposure was also shown to cause a dysregulation in peripheral immune function through a shift in T-cell dynamics in SIV-infected macaques,[@cit14]--[@cit16] which included dysregulation of T regulatory cells (Tregs) and a subset of T helper cells (Th17).[@cit17]

One of the pathways by which opioids may accelerate HIV replication is through up-regulation of the viral entry receptor CXCR4. Reports from the literature showed that both \[[d]{.smallcaps}-Ala^2^, N-MePhe^4^, Gly-ol\]-enkephalin (DAMGO, a selective mu-opioid (MOR) agonist) and morphine, the exogenous MOR agonist, increased CXCR4 expression in lymphoblasts and CD14 monocytes by more than three-fold.[@cit18]--[@cit20] An increase in CXCR4 expression provides more entry sites for viral entry and thus an enhanced replication of HIV as evidenced by an increase in p24 antigen levels.

Studies reporting the ability for MOR agonists to up-regulate CXCR4 expression have supported functional cross-talk between these two receptors.[@cit19]--[@cit22] One hypothesis is that MOR--CXCR4 crosstalk is mediated by the formation of MOR--CXCR4 heterodimers.[@cit22] This hypothesis has been supported by both studies that substantiated the ability of MOR and CXCR4 to form homodimers[@cit23]--[@cit31] and heterodimers with other GPCRs,[@cit31]--[@cit36] and the finding that the MOR and CXCR4 were co-expressed on immune cells.[@cit37]--[@cit40] As demonstrated by previous studies, the use of bivalent ligands can be a powerful strategy to characterize GPCR dimerization/oligomerization.[@cit41]--[@cit43] Therefore, bivalent chemical probes that are capable of interacting with both receptors simultaneously would be invaluable in facilitating the study of the putative MOR--CXCR4 heterodimer and its role in opioid accelerated HIV replication. Herein, we report the design, synthesis, and preliminary biological evaluation of the first bivalent ligand (**1**) ([Fig. 1](#fig1){ref-type="fig"}) targeting the putative MOR--CXCR4 heterodimer. This ligand may serve as a potential chemical probe to help reveal the underlying mechanism of MOR--CXCR4 heterodimer formation in opioid enhanced HIV replication.

![Chemical structures of naltrexone, IT1t, designed bivalent (**1**), and monovalent controls (**2** and **3**).](c9md00433e-f1){#fig1}

Results and discussion
======================

Bivalent ligand rational design
-------------------------------

As this probe was intended to simultaneously block HIV-entry through interactions at the entry receptor CXCR4 as well as enhanced viral replication by opioids, our bivalent ligand is composed of MOR and CXCR4 antagonists linked through an appropriate spacer. Naltrexone ([Fig. 1](#fig1){ref-type="fig"}) was selected as the MOR antagonist due to its previous utilization in several published bivalent ligand series and dimerization studies related to the MOR,[@cit44]--[@cit48] in addition to its clinical efficacy in treating opioid addiction.[@cit49]--[@cit51] IT1t ([Fig. 1](#fig1){ref-type="fig"}) was selected as the CXCR4 antagonist moiety because of its well-established pharmacological profile[@cit52] and its successful employment in CXCR4 crystallographic structural studies.[@cit30] Additionally, both of these two ligands showed high affinity and reasonable selectivity toward the MOR and the CXCR4, respectively.[@cit52]--[@cit54]

Based on previous bivalent ligand series reported from the literature, the attachment locus on naltrexone was chosen to be the C6-position after transforming the carbonyl group to the 6β-amino group.[@cit44],[@cit45],[@cit55]--[@cit59] The attachment locus on IT1t was identified based on the available CXCR4--IT1t co-crystal structure (PDB: ; [3ODU](3ODU)).[@cit30] In the binding cavity it was observed that the cyclohexyl groups adjacent to the symmetric isothiourea moiety of IT1t were pointing upward and away from the TM bundle and toward the extracellular space. Due to the rotational *C*~2~ symmetry of IT1t, one of these cyclohexyl groups was chosen as the attachment site.

A number of previously reported studies indicated that a linker with a length of 16 to 22 atoms might be ideal for targeting GPCR dimers.[@cit32],[@cit44]--[@cit48],[@cit60],[@cit61] Therefore, our first bivalent ligand (**1**) contained a spacer of 20 atoms as a starting point. The composition of the spacer, an alkyldiamine moiety and two flanking diglycolic units, was chosen based on previously studied GPCR bivalent ligands and ease of synthesis.[@cit62] For comparative purposes, monovalent ligands (**2** and **3**) ([Fig. 1](#fig1){ref-type="fig"}) were also designed as controls to study the potential influence of the spacer on receptor function.

Chemical syntheses
------------------

The retrosynthetic analysis of the designed bivalent probe revealed 3 major fragments, 6β-naltrexamine, the diacid spacer, and the CXCR4 pharmacophore aminomethyl-substituted IT1t ([Scheme 1](#sch1){ref-type="fig"}). 6β-Naltrexamine can be prepared from naltrexone according to the previously reported procedure.[@cit63] Nucleophilic reaction of 1,6-diaminohexane with diglycolic anhydride can afford the diacid spacer.[@cit64] The synthesis of aminomethyl-substituted IT1t can be split into 2 fragments according to the previously published synthetic route for IT1t. These fragments are 1-(4-(aminomethyl)cyclohexyl)-3-cyclohexylthiourea and 3-(chloromethyl)-5,6-dihydro-6,6-dimethylimidazo\[2,1-*b*\]thiazole. The 3-(chloromethyl)-5,6-dihydro-6,6-dimethylimidazo\[2,1-*b*\]thiazole can be readily prepared from the commercially available 4,4-dimethyl-imidazolidine-2-thione. The 1-(4-(aminomethyl)cyclohexyl)-3-cyclohexylthiourea was subsequently divided into 2 smaller fragments, Boc-protected 4-(aminomethyl)cyclohexan-1-amine and isothiocyanatocyclohexane. The isothiocyanatocyclohexane can be easily prepared using cyclohexylamine, and the Boc-protected 4-(aminomethyl)cyclohexan-1-amine fragment can be prepared from the commercially available *trans*-4 (aminomethyl)cyclohexanecarboxylic acid.[@cit65],[@cit66] Monovalent controls can be synthesized in a similar manner using 2-(2-(methylamino)-2-oxoethoxy)acetic acid as one of the linker building blocks instead of 2 units of diglycolic anhydride.

![Retrosynthetic analysis of the designed bivalent ligand.](c9md00433e-s1){#sch1}

The synthetic route for aminomethyl-substituted IT1t **4** is shown in [Scheme 2](#sch2){ref-type="fig"}. Intermediate **5** was prepared following a similar procedure as reported in the synthesis of IT1t.[@cit52]*trans*-4-(Aminomethyl)cyclohexanecarboxylic acid was protected using Boc~2~O to give a moderate yield of **6**. Intermediate **6** was then reacted with DPPA to generate an acyl azide. Successive Curtius rearrangement of the acyl azide produced the isocyanate intermediate which could then react with benzyl alcohol to afford **7**.[@cit65],[@cit66] The Cbz protecting group was then removed *via* hydrogenation with Pd/C to produce **8**. Compound **9** was synthesized by first forming the dithiocarbamate intermediate with CS~2~ and triethylamine, followed by tosyl chloride mediated decomposition to form the isothiocyanate **9** with a moderate yield.[@cit67] Isothiocyanate **9** was then reacted with **8** to produce the isothiourea **10**. Compound **10** was then reacted with compound **5** in refluxing acetonitrile to produce **11**. The final removal of the Boc protecting group was achieved to produce compound **4**.

![Synthesis of aminomethyl-substituted IT1t (**4**). Reagents and conditions: (a) 4,4-dimethyl-imidazoline-2-thione, 1,3 dichloroacetone, CH~3~CN, 1-methoxy-2-(2-methoxyethoxy)-ethane, 145 °C 50--60% (b) BOC~2~O, NaHCO~3~, 1,4-dioxane, --5 °C, 50--60% (c) DPPA, TEA, BnOH, 80 °C, 20--30% (d) Pd/C, MeOH, H~2~, 10 psi, rt, 90--95% (e) TEA, CS~2~, THF, 0 °C (f) TsCl, HCl, rt, 2 step 60--70% (g) CH~2~Cl~2~, **8**, rt, 70--80% (h) CH~3~CN, reflux, **5**, 50--60% (i) CH~2~Cl~2~, TFA, rt, 90--95%.](c9md00433e-s2){#sch2}

The synthetic route for the bivalent ligand **1** is shown in [Scheme 3](#sch3){ref-type="fig"}. First, reaction of 1,6-diaminohexane with benzyl chloroformate on an ice-water bath generated the mono-Cbz protected intermediate **12** with a good yield.[@cit64] Compound **12** was then coupled to diglycolic anhydride to give **13**.[@cit45] Compound **14** was prepared by coupling 6β-naltrexamine, obtained *via* previously reported procedures,[@cit63] with **13***via* the EDCI/HOBt coupling method. Deprotection of the Cbz group of **14** was achieved *via* hydrogenation with 10% Pd/C catalyst to give amine **15**. Coupling of **15** again with diglycolic anhydride provided acid **16**. Final coupling of **16** to the CXCR4 antagonist precursor **4***via* HOBt/EDCI coupling method produced the bivalent ligand **1**.

![Synthesis of bivalent ligand (**1**). Reagents and conditions: (a) 1,6-diaminohexane, CbzCl, CH~2~Cl~2~, MeOH, 0 °C 70--80% (b) diglycolic anhydride, THF, rt, 50--70% (c) 6β-naltrexamine, EDCI, HOBt, TEA, DMF, 0 °C, 40--50% (d) H~2~, MeOH, Pd/C, 60 psi, rt, 90--95% (e) diglycolic anhydride, THF, rt, 85--95% (f) **4**, EDCI, HOBt, TEA, DMF, 0 °C, 20--30%.](c9md00433e-s3){#sch3}

Monovalent controls (**2** and **3**) were synthesized following a similar route outlined in [Scheme 4](#sch4){ref-type="fig"}.[@cit45] Methylamine was first condensed with diglycolic anhydride to produce intermediate **17**. This intermediate was then coupled to **12***via* EDCI/HOBt coupling method to yield compound **18**. The Cbz protection group was then removed *via* hydrogenation with Pd/C catalyst to produce **19**. Compound **19** was then coupled to another molecule of diglycolic anhydride to yield **20**. The final step was to couple either 6β-naltrexamine or the aminomethyl-substituted IT1t **4** with **20***via* EDCI/HOBt coupling reaction to produce the corresponding monovalent controls (**2** and **3**).

![Synthesis of monovalent control compounds (**2**, **3**). Reagents and conditions: (a) methylamine, diglycolic anhydride, THF, rt, 60-70% (b) **12**, EDCI, HOBt, TEA, DMF, 0 °C, 40--50% (c) H~2~, Pd/C, MeOH, rt, 50--60% (d) diglycolic anhydride, THF, rt, 40--50% (e) **4** or 6β-naltrexamine, EDCI, HOBt, TEA, DMF, 0 °C, 20--40%.](c9md00433e-s4){#sch4}

Biological evaluation
---------------------

All three ligands were further characterized for their binding and functional activities on the corresponding receptors ([Table 1](#tab1){ref-type="table"}). In radioligand binding assays with MOR-CHO cells, the bivalent ligand (**1**) showed to retain binding to the MOR with a *K*~i~ value of 25.4 ± 3.0 nM. The monovalent control maintained binding to the MOR with a *K*~i~ value of 2.0 ± 0.2 nM, similar to the parent pharmacophore naltrexone (*K*~i~ = 0.39 ± 0.04 nM), indicating that addition of the linker does not significantly impact receptor binding. In calcium mobilization assays with MOR-CHO cells, neither the bivalent ligand **1** nor monovalent control **2** showed apparent agonism. In antagonism studies, the monovalent control compound **2** inhibited DAMGO induced calcium flux with an IC~50~ value of 133.1 ± 15.5 nM, indicating that introduction of the linker does not lead to loss of receptor recognition on the MOR. Bivalent compound **1** inhibited DAMGO induced calcium flux with an IC~50~ value of 61.9 ± 11.3 nM. Although less potent than the parent pharmacophore naltrexone (8.9 ± 0.9 nM),[@cit58] both the bivalent and monovalent compounds were able to maintain functional antagonist activity at the MOR with nanomolar potency.

###### Summary of binding and functional data

  Compound              MOR binding *K*~i~   CXCR4 binding IC~50~   MOR activity IC~50~   CXCR4 activity IC~50~
  --------------------- -------------------- ---------------------- --------------------- -----------------------
  Bivalent ligand (1)   25.4 ± 3.0 nM        17.2 ± 2.7 μM          61.9 ± 11.3 nM        3.3 ± 1.0 μM
  Monovalent (2)        2.0 ± 0.2 nM         N/A                    133.1 ± 15.5 nM       N/A
  Monovalent (3)        N/A                  74.0 ± 21.0 μM         N/A                   78.3 ± 21.3 μM
  Naltrexone            0.39 ± 0.04 nM       N/A                    8.9 ± 0.9 nM          N/A
  IT1t                  N/A                  7.4 ± 3.8 nM           N/A                   32.6 ± 8.8 nM

In antibody binding assays with CXCR4-CHO cells, the bivalent ligand (**1**) retained binding affinity to CXCR4 (IC~50~ = 17.2 ± 2.7 μM), however, this was substantially reduced as compared to the pharmacophore IT1t (IC~50~ = 7.4 ± 3.8 nM). Similarly, the monovalent control **3**, also showed reduced binding affinity (IC~50~ = 74 ± 21 μM), indicating that the linker is likely interfering with binding to the CXCR4. In calcium mobilization assays with CXCR4-HOS cells,[@cit68],[@cit69] neither monovalent or bivalent compound showed any apparent agonism. Monovalent control compound **3** inhibited SDF-1 induced calcium flux with an IC~50~ value of 78.3 ± 21.3 μM. Bivalent compound **1** inhibited SDF-1 induced calcium flux with an IC~50~ value of 3.3 ± 1.0 μM. Again, although the relatively higher IC~50~ values for the bivalent ligand and monovalent controls as compared to IT1t (32.6 ± 8.8 nM) indicate apparent interference caused by the linker which is consistent with the antibody binding data, this preliminary biological evaluation supported our molecular design in that the bivalent probe was still able to maintain reasonable functional activity at the CXCR4.

Conclusions
===========

A novel bivalent probe was designed and synthesized targeting the putative heterodimerization of the MOR and the HIV-1 entry receptor CXCR4. The synthetic route for this compound and its corresponding monovalent controls were comprised of 18--22 steps and were achieved with reasonable yields. Preliminary biological evaluation of this probe showed that the ligand was able to preserve binding and antagonist activity at both the MOR and CXCR4, substantiating our molecular design. Further characterization of this probe in primary cell lines expressing both the MOR and CXCR4 are underway to study the capacity for the probe to inhibit viral invasion and replication. This study will serve as a platform to utilize bivalent probes targeting the putative MOR--CXCR4 heterodimer to better understand its potential role in opioid enhanced HIV-1 infection.
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